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We provide compelling evidence to establish that, contrary to one’s elementary guess, the tunnel­
ing spin polarization (TSP) of amorphous CoFeB is larger than that of highly textured fcc CoFeB. 
First principles atomic and electronic structure calculations reveal striking agreement between the 
measured TSP and the predicted s-electron spin polarization. Given the disordered structure of the 
ternary alloy, not only do these results strongly endorse our communal understanding of tunneling 
through AlOx, but they also portray the key concepts that demand primary consideration in such 
complex systems.
PACS num bers: 85.75.-d, 72.25.Mk, 75.47.-m, 75.50.Kj
Right from its inception, experim ental and theoreti­
cal endeavors in electron tunneling have been dedicated 
to  the understanding of the role of the  electrode and 
barrier electronic structu re . Not long after it was well- 
established th a t the density  of sta tes of a supercon­
ducting electrode was directly  observable in tunneling 
through  am orphous AlOx barriers [1], tunneling spectro­
scopies to  observe the influence of the electronic struc­
tu re  of semi-metallic electrodes were perform ed [2]. For 
ferrom agnetic films, one aspect of their electronic struc­
tu re  -  the tunneling spin polarization  (TSP) -  was m ea­
sured [3]. A lthough some prelim inary effort was under­
taken to  study  the role of the  band  s tructu re  of ferro­
m agnetic films in tunneling [4], no definitive observa­
tions were m ade till the  advent of tunnel m agnetore­
sistance (TM R) in m agnetic tunnel junctions (M TJs). 
Then, Yuasa et al. [5] and LeClair et al. [6] experim en­
tally  dem onstrated  the influence of epitaxial Fe and tex- 
tu red  Co films on TM R  and tunneling conductance, re­
spectively. The former established the change in TM R 
in F e/A lO x/F e  M T Js by growing Fe electrodes in dif­
ferent crystal orientations. The la tte r dem onstrated  the 
change in tunnel conductance of C o /A lO x/C o  M T Js at 
bias voltages where certain  bands were known to  exist in 
the electronic s truc tu re  of fcc Co. Regarding the nature  
of the electronic wave functions th a t govern the tunneling 
probability  th rough AlOx, the dom inance of the spheri­
cally sym m etric s-like electrons has been experim entally 
dem onstrated  [7, 8]. Recently, spintronics has witnessed 
a rap id  rise in the im portance of am orphous ferromag- 
nets like CoFeB. They have contribu ted  to  huge TM R  in 
AlOx [9] and MgO [10] based M TJs. They have also been 
used to  observe the  novel spin-torque diode effect [11] and 
facilitated record-low switching currents in spin-torque 
based M T Js [12]. A lthough their emerging im portance
in spintronics is unquestionable, neither has there been a 
theoretical and experim ental analysis of their atom ic and 
electronic structu re , nor has the im pact of these proper­
ties on their TSP been investigated.
In this letter, we explore the  correlation between fer- 
rom agnet morphology, its electronic s truc tu re  and their 
combined im pact on TSP. One unique aspect -  crystal­
lization of am orphous CoFeB w ith a single high tem per­
a tu re  anneal (>  250 °C [13, 14]) -  is exploited to  study  
the structu ra l, m agnetic and TSP related  properties of 
am orphous and crystalline CoFeB in the same sample. 
Indeed, such control on m orphology is not accessible in 
elem ental m agnetic films. The high tem pera tu re  anneal 
stipulates a crucial requirem ent for our junctions, viz. 
the barrier properties should not change after annealing 
to  ensure com parison between the  T SP  of as-deposited 
and annealed CoFeB. C on trary  to  alternative barriers like 
MgO, AlOx barriers are known to  exhibit no TSP related  
changes after anneals up to  Ta=500 °C [15, 16]. W hen 
the structu re  of Co72Fe20B8 is in tentionally  transform ed 
from am orphous to  highly tex tu red  fcc, we notice th a t a 
correlated a lteration  of the CoFeB electronic struc tu re  is 
induced. C ontrary  to  one’s prim ary  intuition, th is a lter­
ation  of the electronic struc tu re  m anifests in an in trinsi­
cally larger T SP for am orphous CoFeB as com pared to  
th a t of highly tex tu red  fcc CoFeB. F irs t principles atom ic 
s tructu re  calculations of am orphous CoFeB are found to  
be consistent w ith extended x-ray absorption fine struc­
tu re  (EXAFS) m easurem ents. Remarkably, electronic 
s truc tu re  calculations based on th is atom ic s tructu re  ex­
hibit a conspicuous agreem ent between the spin polariza­
tion  (SP) of the  s-electron density  of sta tes (DOS) and 
the experim entally m easured TSP, bo th  for am orphous 
and crystalline CoFeB. The calculations also reveal th a t 
the B sp-states get highly spin-polarized and make a sig­
2nificant contribution to  the alloy SP. We would like to  em­
phasize th a t such a quan tita tive agreem ent between the­
ory and experim ent for a complex am orphous/crystalline 
te rn ary  alloy has not been reported  before. Moreover, 
given the recent development in CoFeB based spintronic 
devices, first principles atom ic and electronic structure  
calculations, especially those corroborating spin polar­
ized tunneling experim ents, have not been reported  yet. 
Furtherm ore, these results endorse several earlier con­
cepts, for example, the high sensitivity of the  tunnel con­
ductance to  the ferrom agnet-barrier interface [17], and 
the dom inance of s-electrons in tunneling th rough AlOx 
barriers [7, 8].
The inset in Figure 1a shows a representative TSP 
m easurem ent for an as-deposited 120 A CoFeB film using 
superconducting tunneling spectroscopy [3]. Regardless 
of the  CoFeB thickness (d ), for as-deposited samples, we 
consistently m easure a TSP above 53 %. However, as 
shown in Figure 1a, after annealing, the m easured value 
of the T SP is strongly dependent on the thickness of the 
film and Ta . Evidently, thick films (700 A and 500 A) 
show no significant change in the TSP after anneals above 
the crystallization tem pera tu re  (>  250°C). On the con­
trary , the TSP of progressively th inner films decreases 
system atically w ith the thickness of the films, especially 
for Ta=450°C . One can rule out the form ation of boron 
oxide at the barrier-ferrom agnet interface or boron dif­
fusion into  the  tunnel barrier as a cause for this reduc­
tion  in TSP since (a) bo th  these processes are expected 
to  contribute equally to  the drop in TSP, regardless of 
CoFeB thickness, (b) no significant change in junction  
resistance is observed, and (c) therm odynam ically, AlOx 
is known to  be a more stable oxide. Boron segregation 
away from the interface can also be safely ruled out, as 
one m ight expect such a segregation to  influence the TSP 
regardless of CoFeB thickness. These argum ents also jus­
tify the use of low B content in th is work. Moreover, the 
m agnetic m om ent of CoFeB, independent of its thickness, 
does not show any significant post-anneal change. One 
would expect it to  asym ptotically  proceed tow ards th a t 
of a com parable Co80Fe20 alloy, if boron would segregate.
A clue to the  probable reason behind th is change in the 
TSP of th in  CoFeB films can be found in x-ray diffraction 
(XRD) m easurem ents on films of corresponding thick­
ness. In Figure 1b, the grain size perpendicular to  the 
film plane, calculated using the P aul Scherrer formula, 
and norm alized to  the film thickness, is p lo tted  as a func­
tion  of Ta. This plot indicates th a t, in progressively th in ­
ner films, the  grain sizes become com parable to the  film 
thickness after the anneal. For Ta=450°C  and d=120 A, 
the average grain size is alm ost equal to  the  film thick­
ness suggesting the presence of crystalline CoFeB at the 
interface w ith the AlOx barrier. This hypothesis is sub­
stan tia ted  by high resolution transm ission electron mi­
crographs (HRTEM ). Figure 1c shows a junction  w ith 
a 700 Á CoFeB layer, while Figure 1d corresponds to
FIG. 1: (color online) Inset in (a) shows a representative TSP 
measurement. The zero field curve (□) shows the Al super­
conducting gap while the 2.0 T (o) curve reveals the TSP of 
CoFeB when fit (solid lines) with Maki theory [18]. (a) TSP 
of CoFeB as a function of Ta and d. (b) The grain size per­
pendicular to the film plane is normalized to d and plotted 
as a function of Ta. Insets show actual XRD data on as- 
deposited and annealed 700 A and 120 A films. (c) HRTEM 
micrograph of an Al/AlOx/CoFeB (700 A)/A l junction after 
a 450 ° C anneal; see lower panels in (c) for magnified interface 
regions. (d) Similar junction, but with a 60 A thick CoFeB.
a 60 A CoFeB layer, bo th  annealed at 450°C. For the 
700 A film, a close inspection of the barrier-ferrom agnet 
interface region shows hardly  any crystalline CoFeB at 
the  interface (see lower panels of Figure 1c for a zoom-in), 
though we observe CoFeB crystallites in the bulk of the 
film (not shown). In sharp  contrast, we observe alm ost 
comprehensive crystallization of CoFeB in the case of the 
60 A film, especially a t the  barrier-ferrom agnet interface. 
Together, the XRD and HRTEM  d a ta  strongly advocate 
th a t thicker films (d >  500 A) do not crystallize com­
pletely after the anneal, especially a t the interface w ith 
am orphous AlOx, and consequently show a TSP similar 
to  th a t of as-deposited am orphous CoFeB. On the con­
trary , th inner films crystallize v irtually  completely, and 
the T SP of crystalline CoFeB a t its interface w ith AlOx 
m anifests its intrinsic value. Note th a t the interface sen­
sitivity of the TSP [17] is im plicitly dem onstrated  w ithin 
this inference. Furtherm ore, consistent w ith the observa­
tions of Takeuchi et al. [19], in crystalline films, the out- 
of-plane grain size is lim ited by the film thickness, while
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FIG. 2: (color online) (a) Representative amorphous and (b) 
fcc structures. Calculated pRDFs for Co-Co (c) and Fe-Co 
(d). Measured k3-weighted EXAFS oscillations on Fe and 
Co K edges (e) and corresponding FT (f) for the amorphous 
films.
the in-plane grain size (150-200 A) is sim ilar to  th a t ob­
served in thicker films. As anticipated  for such a Co rich 
com position, high angle X RD  and Fourier transform  of 
H R TEM  images also confirm  th a t CoFeB crystallizes in 
a highly (111) tex tu red  fcc structure.
Having established th a t the lowering of the  CoFeB 
T S P  is closely related  to  its crystallization , we em bark on 
first-principles calculations using density  functional the­
ory w ithin the generalized gradient approxim ation [20]. 
T he self-consistent electronic s truc tu re  and interatom ic 
forces are calculated w ith the pro jector augm ented wave 
m ethod [21] using the V ienna ab-initio  m olecular dynam ­
ics package (VASP) [22]. For reliable determ ination of 
the am orphous stru c tu re , the  ensemble is heated  above 
its m elting point and equilibrated in the liquid s ta te  for 
tim e periods long enough to  allow diffusion beyond one 
la ttice  spacing, and then  rapidly  quenched to  form the 
am orphous sta te . S tructu ra l and electronic properties 
of two 108 atom  ensembles are com pared to  three 54 
atom  ensembles for further verification and statistics. I t 
is notew orthy th a t ensembles w ithout B  atom s do not 
quench in an am orphous stru c tu re , indicating the key 
role played by ^ 7  at. % B in rendering CoFeB am or­
phous. In the fcc case, the atom s are random ly placed in 
nom inal positions of an fcc la ttice , and then  allowed to  
relax. T he to ta l energy of the am orphous ensembles was 
invariably found to  be higher th an  th a t of the d isto rted  
fcc ensembles, consistent w ith the fact th a t as-deposited 
am orphous films crystallized after an anneal.
R epresentative structu res of one am orphous and one 
fcc ensemble are shown in Figure 2a and 2b together 
w ith the p artia l radial d istribu tion  functions (pRD Fs - 
Figure 2c and 2d). Irrespective of the size of the  unit 
cell (108 or 54 atom s), the  pR D Fs show no significant 
difference in the  inter- or intra-atom ic coordination up 
to  r =  5.5 A, indicating th a t a 108 atom  ensemble is of 
sufficient size. To gain insight in the  atom ic s tructu re  of 
am orphous films, EX A FS m easurem ents were perform ed 
on Co and Fe K edges. The m easured and  fitted  d a ta  are 
shown in Figure 2e and the corresponding Fourier tran s­
form (FT) in Figure 2f. The oscillations seen in Figure 2e
are characteristic  of disordered solids where usually the 
first coordination shell is the largest contribu tor to  the 
fine structu re , as is evident in the single peak dom inat­
ing the FT . Keeping in m ind the difficulties in fitting an 
am orphous structu re , the fit to  the oscillations is well 
w ithin acceptable limits. M ore im portantly , the  fitted 
EX A FS d a ta  are in very good agreem ent w ith the co­
ordination num ber and distance to  the first and second 
shell th a t we find from the m olecular dynam ics. The fit­
ted  th ird  coordination shells too  agree fairly well w ith 
those ob tained using m olecular dynamics.
The calculated d-DOS for the  am orphous and the 
fcc alloy (see Figure 3a) show th a t  bo th  Fe and Co are in 
a strong ferrom agnetic sta te  w ith the m ajo rity  channel 
com pletely filled. This is not surprising in the case of Fe 
considering the self-consistent density  functional calcula­
tions of Schwarz et al. [23] on Co100_ xFex, which show 
th a t the Fe m agnetic m om ent increases w ith increasing 
num ber of Co nearest neighbors, and is largest when Fe 
has no Fe nearest neighbors. Com paring the d-DOS, bo th  
for Co and Fe, the d-band w idth is observed to  be slightly 
lower in the am orphous case as com pared to  the fcc case. 
This follows from the increase in the average Co-Co and 
Fe-Fe distance in the  am orphous case (Figure 2c and 2d) 
where the  first coordination shell looses ~ 1  atom  and the 
second coordination shell around 3.5 A is alm ost com­
pletely wiped out in com parison to  the fcc case.
Considering the am orphous natu re  of the  barrier, one 
m ight argue th a t conservation is highly unlikely in 
tunneling through AlOx. In the first instance, if one ne­
glects any issue related  to  the barrier or interface elec­
tronic structure , the spin polarization  of s-like electrons, 
which have been experim entally shown [7, 8] to  domi­
nate  tunneling through AlOx, is the only quan tity  which 
needs consideration. Table I shows the  calculated aver­
age s-electron SP a t the Fermi level (E p ) for Co, Fe and 
B in the  am orphous and fcc case. Assuming th a t the 
concentration a t the interface is sim ilar to  th a t in the 
bulk, we ob tain  the alloy SP by weighting these individ­
ual SPs w ith their concentrations [3]. The last columns 
of Table I com pare the m easured TSP to  the calculated 
SP of the CoFeB alloy. For bo th  the am orphous and 
fcc case, the  calculated SPs of 50±0.2%  and 41±0.5%  are 
in surprisingly good agreem ent w ith the m easured TSPs 
of 53±0.5%  and 44±0.5% , respectively. M ost strikingly, 
the difference of ^9%  between the two measured TSP 
values is d irectly  reflected in the calculations as well, indi­
cating th a t th is difference m ight arise from the disparity  
in the band  structu re  of bulk am orphous and fcc CoFeB. 
It is notew orthy th a t in the case of the 5 am orphous and 
2 fcc un it cells studied, the values of the  element-specific 
and the alloy SPs are rem arkably sim ilar from one unit 
cell to  another. The errors in Table I are deduced from 
the variations in the element-specific SPs under a coarse 
and a fine sam pling of k -space for the two 108 atom  unit 
cells.
4TABLE I: Calculated s-SP and measured TSP values (in %).
Amor t Amor I FCC t
S truc . Co Fe B avg. SP
w ithout B
avg. SP
w ith B
exp. T S P
a-C oFeB 49.6 47.7 58.6 45.5 50.0±0.2 53±0.5
c-CoFeB 40.5 39.9 54.5 37.4 41.4±0.5 44±0.5
Interface bonding effects have been calculated to  have 
pronounced effects on the T SP [24]. However, given the 
am orphous na tu re  of AlOx, these are ra th e r difficult to  
predict, and in reality, they  are an average over the  con­
figuration space a t a disordered interface. We estim ated 
the im pact of the  stronger bonding expected for B and 
Fe as com pared to  Co w ith oxygen a t the  interface, using 
an approach sim ilar to  K aiser et al. [25]. Here too  we 
did not see any significant deviation from the calculated 
SP values of Table I . Given (1) the very good agreem ent 
between the SP of the  bulk s-DOS w ith the m easured 
TSP, (2) the striking agreem ent between the predicted 
and m easured difference in the TSP of am orphous and 
fcc CoFeB, and (3) the disordered structu re  of bo th  the 
electrode and the barrier, one m ight wonder w hether a 
b e tte r quan tita tive agreem ent can be achieved by going 
into further complexity.
Figure 3b shows the to ta l s-DOS of am orphous and 
fcc CoFeB, which confirms the  higher SP of the  am or­
phous alloy as given in Table I . If one com pares the 
element specific s-DOS for am orphous Co (and Fe - not 
shown) to  fcc Co (and Fe) in Figure 3c, the anti-bonding 
s-states of fcc Co (and Fe) are pushed tow ards higher 
energy for b o th  spin-channels. Increased s-d hybridiza­
tion  due to  an increase in the first and second shell co­
ordination  of the fcc alloy m ight be responsible for this 
(Figure 2c and 2d). Interestingly, the  decrease in the s­
electron SP of the  fcc alloy m ight be seen to  prim arily  
ensue from this spectral shift of the anti-bonding sta tes 
tow ards higher energy, since E F lies on the slope of the 
increasing m ajo rity  s-DOS, while lying in the  deep mini­
m um  of the  m inority  s-DOS. One notices from Figure 3b 
th a t the  m inority  DOS also shows subtle changes, which 
provide a secondary contribution to  the  change in the s­
electron SP. The im pact of s-d hybridization can also be 
seen in the  B s-DOS shown in Figure 3d . In our calcu­
lations we note th a t (1) the B sp-states are highly spin 
polarized (s-SP>  50%; p -S P >  25%) as noted before [26], 
and (2) the B sites a tta in  a small negative m agnetic mo­
m ent (~  0.1 ) consistent w ith earlier work [27]. This 
high polarization is a direct consequence of the hybridiza­
tion  of the  B sp-states w ith the C o/Fe d-sta tes form­
ing covalent bonding sta tes below E F and anti-bonding 
sta tes above [28]. From  the pR D Fs of Co-B (see inset 
Figure 3d) and Fe-B (not shown), one notes th a t the 
peak in the  first coordination shell around 2.1 A is larger 
in the am orphous case as com pared to  the  fcc case. Con­
sequently, for am orphous CoFeB, this leads to  increased
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FIG. 3: (color online) (a) Element-specific d-DOS for Co and 
Fe. (b) total s-DOS on a fine k-mesh for CoFeB. (c) Co s-DOS 
and (d) B s-DOS. Inset in (d) shows pRDF for Co-B.
sp-d hybridization and the anti-bonding s-states of B are 
shifted to  higher energy as seen in Figure 3d . Here, how­
ever, the spin polarization  com pared to  the  fcc case in­
creases due to  the lower m inority  s-DOS a t E F . More­
over, we stress th a t the  polarization  of B s-states has a 
direct im pact on the TSP. The fifth column in Table I 
shows the calculated average SP of the alloy when the 
B atom s are considered unpolarized. The obvious dis­
agreem ent w ith the  m easured T SP is an indication of 
the im portance of highly spin-polarized B atom s a t the 
interface.
In summary, we show th a t in AlOx based junctions, 
the T SP of am orphous CoFeB is larger th an  th a t of 
fcc CoFeB. Calculations of the atom ic and electronic 
s truc tu re  of am orphous and crystalline CoFeB yield s­
electron SP values in rem arkable agreem ent w ith exper­
im ent. These observations dem onstrate th a t the  elec­
tronic s truc tu re  of the electrode has a m arked im pact on 
tunneling, and the electronic s truc tu re  and SP of such a 
complex te rn a ry  am orphous/crystalline alloy can be gen­
uinely calculated.
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